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Edited by Ivan SadowskiAbstract The transcriptional activation of CHOP (C/EBP-
homologous protein) by amino acid deprivation involves ATF2
and ATF4 binding at the amino acid response element within
the promoter. In this report, we investigate the role of JDP2
(Jun Dimerization Protein 2) in the amino acid control of CHOP
transcription following amino acid starvation. Our results show
that JDP2 binds to the CHOP AARE in unstimulated cells
and that its binding decreases following amino acid starvation.
We demonstrate that JDP2 acts as a repressor and suggest that
it could be functionally associated with HDAC3 to inhibit
CHOP transcription.
 2008 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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In mammals, plasma concentrations of amino acids are
markedly aﬀected by dietary or pathological conditions [1].
The amino acids are not only serving their role as metabolic
or protein synthetic precursors, but also as signal molecules
that reﬂect the nutritional status of the entire organism. One
of the many consequences of this amino acid-dependent signal
transduction, termed the amino acid response (AAR) pathway,
is a change in the transcription activity for speciﬁc genes [2]. At
the molecular level, most of the results have been obtained
studying the transcriptional regulation of Asparagine synthe-
tase (ASNS) and C/EBP homologous protein (CHOP) gene
expression in response to amino acid deprivation.
We have investigated amino acid-regulated transcription
from the human CHOP gene [3]. An amino acid response ele-
ment (AARE) is essential for the induction of CHOP tran-
scription by amino acid starvation and functions as anAbbreviations: AARE, amino acid response element; ASNS, aspara-
gine synthetase; ATF, activating transcription factor; bZIP, basic
leucine zipper; ChIP, chromatin immunoprecipitation; CHOP, C/EBP
homologous protein; JDP2, Jun dimerization protein 2; LUC, lucif-
erase; TSA, trichostatin A
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AARE (5 0-ATTGCATCA-3 0) diﬀers by 2 bp from the AARE
within the ASNS gene [5]. Binding studies in vitro and in vivo
have revealed ATF2 and ATF4 bindings at the CHOP AARE
[4,6]. The expression of these factors was shown to be essential
for the transcriptional activation of CHOP by leucine starva-
tion [4,7]. While it is well establish that ATF4 is a master reg-
ulator of a number of amino acid-regulated gene transcription,
we have recently demonstrated that ATF2 is involved in pro-
moting the modiﬁcation of the chromatin structure to enhance
CHOP transcription [6].
It is now established that a multiprotein complex is bound to
the CHOP AARE including a number of regulatory proteins
such as ATF4, C/EBPb, TRB3, PCAF and ATF2 [8]. In a pre-
vious study, Jin et al. reported the identiﬁcation of Jun dimer-
ization protein 2 (JDP2) as an interacting partner of ATF2 [9].
JDP2 was initially identiﬁed on the basis of its ability to inter-
act speciﬁcally with c-Jun [10]. This basic leucine zipper (bZIP)
protein can dimerize with itself or with c-Jun, JunB, JunD or
ATF2 thereby inhibiting transactivation by jun, ATF2, and
C/EBPc [9]. JDP2 is considered as an AP1 repressor protein
and was reported to repress ATF2-mediated transcription by
recruiting histone deacetylase HDAC3 complex to the pro-
moter of the target gene [11]. JDP2 is involved in a variety
of transcriptional responses that are associated with AP-1 such
as UV-induced apoptosis [12], cell diﬀerentiation [13] and
tumorigenesis [14].
In the context of gene regulation by amino acid starvation,
the role of JDP2 remains to be demonstrated. In this report,
we show that JDP2 binds to the CHOP AARE in the control
medium and that its binding decreases following amino acid
starvation. We also demonstrate that JDP2 acts as a repressor
to inhibit the amino acid regulation of CHOP and suggest that
JDP2 could be functionally associated with HDAC3 to repress
CHOP transcription.2. Materials and methods
2.1. Plasmids
2X-CHOP-AARE-TK-LUC plasmid was generated as previously
described [4]. The expression plasmids for JDP2, C2-ATF2 and
ATF4 were generously provided by A. Aronheim (Rappaport Insti-
tute, Haifa, Israel), G. Thiel (Department of Medical Biochemistry
and Molecular Biology, Hombourg, Germany) and J.M. Mesnard
(Laboratoire Infections Retrovirales et Signalisation Cellulaire, Mont-
pellier, France). pBluescript (pBS)-ATF2 was a gift of W. Breitwieser
(Paterson Institute for Cancer Research, Manchester, UK).ation of European Biochemical Societies.
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HeLa cells were cultured at 37 C in Dulbeccos modiﬁed Eagles
medium F12 (DMEM F12) (Sigma) containing 10% fetal-bovine ser-
um. When indicated, DMEM F12 lacking leucine was used. In all
experiments involving amino acid starvation, 10% dialyzed calf serum
was used. ATF2 mutant mice were kindly given by W. Breitwieser
(Paterson Institute for Cancer Research) [15].
2.3. Transient transfection and luciferase assay
Cells were plated in 12 well-dishes and transfected by the calcium
phosphate coprecipitation method as described previously [4]. One
microgram of luciferase plasmid was transfected into the cells along
with 0.05 lg of pCMV-bGal, a plasmid carrying the bacterial b-galac-
tosidase gene fused to the human cytomegalovirus immediate-early en-
hancer/promoter region, as an internal control. Relative luciferase
activity was given as the ratio of relative luciferase unit/relative b-
Gal unit. All values are the means calculated from the results of at least
three independent experiments performed in triplicate.
2.4. Antibodies
The following antibodies were purchased from Santa Cruz Biotech-
nology Inc. (Santa Cruz, CA): ATF2 (sc-187), ATF4 (sc-200), HDAC3
(sc-1147). Anti-phospho-ATF2 (catalog no. 9221) was obtained from
Cell Signaling Technology (Beverly, MA). The HDAC1 (AM-0131)
and HDAC2 (AM-0132) antibodies were from LP BIO (Lake Placid,
NY). The JDP2 antibody was given by A. Aronheim (Rappaport Insti-
tute) [10].
2.5. SiRNA preparation and transfection
SiRNA corresponding to JDP2 mRNA (103019149 #) and to con-
trol (1027280 #) were from Qiagen. Transfection and experiments were
performed as described previously [8].
2.6. Analysis of gene expression using real time RT-PCR
Total RNA was prepared using a RNeasy mini kit (Qiagen). cDNA
was synthetized as described previously. PCR was carried out using a
LightCycler System (Roche) as described previously [6]. Each exper-
iment was repeated three times to conﬁrm the reproducibility of the re-
sults. Primers for human CHOP sequences: forward primer, 5 0-
cagaaccagcagaggtcaca-30; reverse primer, 5 0-agctgtgccactttcctttc-30.
To normalize for mRNA content, human b-actin mRNA was also
ampliﬁed with forward (5 0-ggacttcgagcaagagatgg-30) and reverse prim-
ers (5 0-agcactgtgttggcgtacag-3 0). Relative results were displayed in nan-
ograms of target gene per 100 ng of b-actin.AARE
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Fig. 1. Decrease in the JDP2 binding to CHOP AARE in response to
leucine starvation. (A) Scheme of the human CHOP gene indicating
the diﬀerent amplicons produced for the ChIP analysis: A (1678 to
1478), B (472 to 301) and C (+1163 to +1372). The AARE is
boxed in grey. (B) HeLa cells were incubated 1 h either in control
(+leu) or leucine-free medium (leu) and harvested. ChIP analysis was
performed as described under Section 2 using antibodies speciﬁc for
JDP2 (1 ll of antiserum), phospho-ATF2 (Thr-71) and ATF4 (5 lg)
and diﬀerent sets of primers to produce amplicon A, B or C.2.7. Gel mobility shift assays
A double-stranded DNA oligonucleotide containing the wild-type
CHOP AARE (5 0-aacattgcatcatccccgc-3 0) was radiolabelled using T4
polynucleotide kinase (Promega). In vitro transcription/translation of
pcDNA-JDP2, pBS-ATF2 and pCI-ATF4 was performed using the
TNT T7-coupled reticulocyte lysate system (Promega) according to
the manufacturers instructions. The in vitro translated proteins
(100 ng each) in various combinations were incubated in the binding
buﬀer (25 mM HEPES pH 7.9, 60 mM KCl, 2.5 mM MgCl2, 0.1 mM
EDTA, 0.75 mM DTT, 1 mM PMSF, 5% glycerol and 1 lg of poly(-
dI  dC)) for 10 min on ice. Fifty femtomoles of end-labelled DNA
oligonucleotide were then added and incubated for a further 10 min.
To test the eﬀect of speciﬁc antibodies, 1 ll of antiserum (JDP2) or
5 lg (ATF2 or ATF4) of antibody were added to the incubation mix-
ture on ice 1 h prior to the addition of the labelled probe. The samples
were loaded on a 4% non-denaturing polyacrylamide gel in 1 · TGE
buﬀer and the radioactive bands were visualized by using a Phosphor-
Imager and IMAGEQUANT software (Molecular Dynamics) as de-
scribed elsewhere [4].
2.8. Chromatin immunoprecipitation analysis (ChIP)
ChIP analysis was performed as described previously [6]. Real-time
quantitative PCR was performed by using a LightCycler (Roche) and a
SYBR-Green-I-containing PCR mix (Qiagen), following the recom-
mendations of the manufacturer. Primers used for human sequences:
hCHOP amplicon A, 5 0-gcagcctaaccaaagacctg-30 and 5 0-ggaggcaactt-
gaccaaaag-30; hCHOP amplicon B (AARE), 5 0-aagaggctcacgaccg-
acta-3 0 and 5 0-atgatgcaatgtttggcaac-3 0; hCHOP amplicon C, 5 0-agtgccacggagaaagctaa-30 and 5 0-ccatacagcagcctgagtga-30. Primers used
for mouse sequences: mCHOP AARE, 5 0-gggcagacaagttcaggaag-3 0
and 5 0-atgatgcaatgtttggcaac-3 0. The PCR reactions were performed
as described previously [6]. The results are expressed as the percentage
of antibody binding versus the amount of PCR product obtained using
a standardized aliquot of input chromatin. Samples are the means
from at least three independent immunoprecipitations.3. Results and discussion
3.1. The JDP2 binding to CHOP AARE decreases in response to
leucine starvation
To further determine whether JDP2 could be involved in the
repression of the amino acid-induced transcription of CHOP,
we ﬁrst investigated the in vivo binding of JDP2 to the CHOP
AARE. ChIP assays were performed with primer sets covering
either the 5 0 region (amplicon A), the AARE (amplicon B) or
the ﬁrst intron (amplicon C) of the CHOP gene (Fig. 1A). The
results show that the recruitment of JDP2 to the AARE ob-
served in the control medium decreased after 1 h of leucine
deprivation (Fig. 1B). As previously shown, ATF4 binding
and phosphorylation of ATF2 were increased on the CHOP
AARE [6]. Binding of JDP2 was not detected in the 5 0 region
or in the ﬁrst intron of CHOP, conﬁrming that this factor is
speciﬁcally engaged on the AARE.
Kinetic analysis of JDP2 removal on the CHOP AARE in
response to amino acid starvation showed that JDP2 recruit-
ment dropped rapidly within 30 min–1 h of leucine removal
(Fig. 2). JDP2 reached a minimum level of binding within
1 h of amino acid removal and increased slightly at 4 h. It is
noticeable that the decrease in binding of JDP2 closely corre-
lated with the increase in phosphorylation of ATF2 on Thr
71. The decrease in JDP2 binding might be explained either
by a post-translational modiﬁcation or by a decrease in
JDP2 expression level. Unfortunately, we were not able to dis-
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Fig. 3. Direct binding of JDP2 to CHOP AARE and dimerization
with ATF2. (A) Gel mobility shift assays were carried out by
incubating a 19 bp CHOP AARE radiolabeled probe with in vitro
translated proteins and antibodies. The migration positions of the
ATF2/ATF2 homodimer, ATF2/JDP2 heterodimer and JDP2/JDP2
homodimer are indicated. (B) ATF2 +/+ and ATF2 / MEF were
incubated 2 h either in control (+leu) or leucine-free medium (leu)
and harvested. ChIP analysis was performed as described under
Section 2 using antibodies speciﬁc for ATF2, phospho-ATF2 (Thr-71)
and JDP2 and a set of primers to produce amplicon B (see Fig. 1A).
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Fig. 2. Time course of JDP2 and ATF4 binding and phosphorylation
of ATF2 during leucine starvation. HeLa cells were incubated either in
control (+leu) or leucine-free medium (leu) and harvested for 0–4 h.
ChIP analysis was performed as described under Section 2 using
antibodies speciﬁc for ATF4, phospho-ATF2 (Thr-71) and JDP2 and a
set of primers to amplify amplicon B (see Fig. 1A). The dotted line
represents the increase in CHOP mRNA induction level.
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JDP2 antibodies available were tested and none of them were
able to detect the endogenous protein in HeLa cells by immu-
noblot analysis. Also, by plotting the CHOP mRNA content
on the same graph, it is apparent that the fall of JDP2 engage-
ment correlates with the increase in CHOP mRNA suggesting
that JDP2 could be involved in the repression of CHOP tran-
scription in complete medium.
3.2. JDP2 binds CHOP AARE as a homodimer or heterodimer
with ATF2
JDP2 was previously shown to bind directly to its DNA tar-
get as a dimer and to interact with ATF2 [9]. To determine
whether JDP2 binds directly the CHOP AARE, we performed
gel mobility shift assays with in vitro translated proteins
(Fig. 3A). Supershifts with antibodies were used to conﬁrm
the speciﬁcity of the complexes. Each homodimer of in vitro
translated ATF2 or JDP2 bound to CHOP AARE (lanes 2
and 4). The JDP2 also formed a heterodimer with ATF2 in
the presence of the AARE probe, with a molecular weight dif-
ferent from that attributed to the ATF2 or JDP2 homodimer
(lane 6). To investigate the role of ATF2 in the JDP2 binding
to the CHOP AARE, ChIP experiments were performed in
MEFs deﬁcient in ATF2 and in the corresponding wild-type
cells (Fig. 3B). The ChIP results obtained with wild-type
MEFs are consistent with those described above with HeLa
cells (see Fig. 1). In ATF2-deﬁcient cells, no ATF2 or phos-
phorylated ATF2 bound to the AARE is detected. However,the decrease in JDP2 binding remains. Therefore, although
in fed cells ATF2 and JDP2 bind at the same time on the
CHOP AARE, ATF2 is not essential for JDP2 binding.
3.3. JDP2 suppresses the amino acid-dependent transcription of
CHOP
To analyse the eﬀects of JDP2 on the AARE-dependent
transcription, HeLa cells were cotransfected with a luciferase
(LUC) reporter driven by two copies of the CHOP AARE
and with either a vector that constitutively express JDP2 or
the corresponding empty vector. The response to leucine was
determined by LUC assays in starved and non-starved condi-
tions (Fig. 4A). Transient expression of JDP2 repressed the
luciferase activity that was mediated by the AARE-TK pro-
moter in both control or leucine-free medium and the eﬀect
of JDP2 was dose dependent.
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Fig. 4. Eﬀect of JDP2 over-expression or JDP2 knockdown on the
amino acid regulation of CHOP expression. (A) Eﬀect of JDP2 over-
expression. HeLa cells were transiently transfected with 2X-CHOP-
AARE-TK-LUC (1 lg) and increasing amounts (0.25, 0.5, 1 lg) of the
expression vector for JDP2 or of the empty vector, as indicated.
Twenty-four hours after transfection, cells were incubated for 16 h in
control (+leu) or in medium lacking leucine (leu) and assayed for
LUC activity. (B) Eﬀect of JDP2 knockdown. HeLa cells were
transfected with 60 pmol of JDP2 siRNA or of control siRNA. Two
days after siRNA transfection, cells were incubated for 2 h in control
(+leu) or in medium lacking leucine (leu) and then harvested to
extract RNA.
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Fig. 5. Decrease in the HDAC3 binding to CHOP AARE in response
to leucine starvation. (A) Treatment with TSA reverses repression by
JDP2. HeLa cells were transiently transfected with 2X-CHOP-AARE-
TK-LUC (1 lg) in the presence or absence of expression plasmids for
JDP2, C2-ATF2, ATF4 (0.5 lg each) or the empty vector, as indicated.
At 8 h after transfection, cells were incubated without or with TSA
(100 ng/ml) for 16 h and assayed for LUC activity. (B) HeLa cells were
incubated 1 h either in control (+leu) or leucine-free medium (leu)
and harvested. ChIP analysis was performed using antibodies speciﬁc
for JDP2, HDAC1, HDAC2 and HDAC3 and diﬀerent sets of primers
to produce amplicon A, B or C (see Fig. 1A). (C) HeLa cells were
incubated either in control (+leu) or leucine-free medium (leu) and
harvested for 0–4 h. ChIP analysis was performed using an antibody
speciﬁc for HDAC3 and a set of primers to amplify amplicon B (see
Fig. 1A).
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CHOP, we measured the eﬀect of leucine starvation on CHOP
mRNA content in JDP2-deﬁcient cells. We employed small
interfering double stranded RNA (siRNA) transfection to spe-
ciﬁcally inhibit the endogenous expression of JDP2. Fig. 4B
shows that JDP2-siRNA transfection, while reducing the
mRNA content of JDP2, signiﬁcantly increased the level of
CHOP mRNA in both presence and absence of leucine when
compared to control siRNA-transfected cells. Therefore, alto-
gether these results indicate that JDP2 acts as a repressor to in-
hibit the amino acid regulation of CHOP.
3.4. JDP2 inhibits CHOP transcription in an HDAC-dependent
manner
In a previous study, Jin et al. showed that JDP2 is physically
and functionally associated with the histone deacetylase 3
(HDAC3) complex [11]. To ﬁrst determine whether JDP2
can repress CHOP transcription by recruiting an HDAC activ-
ity to the CHOP AARE, we cotransfected HeLa cells with a
LUC reporter driven by two copies of the CHOP AARE
and a variety of plasmids. Then, we monitored the AARE-
mediated reporter activity in the presence or absence of tri-
chostatin A (TSA), an inhibitor of HDACs. The addition of
JDP2 suppressed the promoter activity of the AARE-TK-
LUC reporter gene that was mediated by C2-ATF2, the consti-
tutively active mutant of ATF2 [16], or ATF4 in the absence of
TSA (Fig. 5A). This suppression of transcription of the
AARE-TK-LUC reporter gene by JDP2 was, however, clearlyreversed upon incubation of the cells with TSA. These data
suggest that HDAC activity might be required for the repres-
sion of the AARE-dependent transcription induced by JDP2.
To determine whether HDAC3 could also be associated with
JDP2 to repress the CHOP AARE-dependent transcription,
we investigate the in vivo binding of HDAC3 and two other
members of the HDAC class I, HDAC1 and HDAC2. The
ChIP results show that only HDAC3 is engaged on the AARE
in the presence of leucine and its recruitment decreased after
1 h of leucine deprivation (Fig. 5B). Kinetic analysis of
HDAC3 removal on the CHOP AARE following amino acid
starvation closely paralleled those described above for JDP2
(Fig. 5C). Taken together these data suggest that JDP2 bound
to the CHOP AARE could be functionally associated with
HDAC3 and then could contribute to CHOP silencing.
In conclusion, the data reported in the present study yield
several novel ﬁndings regarding the role of JDP2 in the amino
Y. Che´rasse et al. / FEBS Letters 582 (2008) 1537–1541 1541acid-regulated transcription of CHOP: (i) we provide evidence
that JDP2 binds to the CHOP AARE in non-starved condition
and that its binding decreases following amino acid starvation,
(ii) we demonstrate that JDP2 acts as a repressor of CHOP
transcription, (iii) we suggest that JDP2 could be functionally
associated with HDAC3. In a recent study, Jin et al. have pro-
vided evidence that JDP2 regulates gene expression via direct
control of the modiﬁcation of histones and the assembly of
chromatin [17]. We proposed that in fed cells, the ability of
JDP2 bound to the AARE to recruit HDAC3 could contribute
to the silencing of CHOP transcription via the maintenance of
the hypoacetylation status of histones. However, the mecha-
nism by which amino acid starvation leads to a decrease in
JDP2 binding merits further investigation. In starved cells,
we have recently reported that phosphorylation of ATF2 at
the CHOP AARE occurs prior to ATF4 binding, histone acet-
ylation, and increase in CHOP mRNA [6]. Although, ATF2
phosphorylation and decrease in JDP2 binding to CHOP
AARE are two early molecular events involved in the induc-
tion of CHOP transcription upon amino acid starvation, the
cause and eﬀects relationships have to be demonstrated. Taken
together, these results demonstrate that following amino acid
starvation there is a highly coordinated time-dependent pro-
gram of interaction between a precise set of bZIP transcription
factors and the AARE leading to transcriptional activation of
CHOP.
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